The origin of high surface spin-flip rate in metallic nonlocal spin valves Appl. Phys. Lett. 101, 082401 (2012) Oxidation stress evolution and relaxation of oxide film/metal substrate system J. Appl. Phys. 112, 023502 (2012) Oxygen partial pressure dependence of the SiC oxidation process studied by in-situ spectroscopic ellipsometry J. Appl. Phys. 112, 024502 (2012) Understanding of the retarded oxidation effects in silicon nanostructures Appl. Phys. Lett. 100, 263111 (2012) Additional information on J. Appl. Phys. Metallic glasses are good candidates for applications in micromechanical systems. With size reduction of mechanical components into the micrometer and submicrometer range, the native surface oxide layer starts playing an important role in contact mechanical applications of metallic glasses. We use atomic force microscopy to investigate the wear behavior of the Ni 62 Nb 38 metallic glass with a native oxide layer and with an oxide grown after annealing in air. After the annealing, the wear rate is found to have significantly decreased. Also the dependency of the specific wear on the velocity is found to be linear in the case of the as spun sample while it follows a power law in the case of the sample annealed in air. We discuss these results in relation to the friction behavior and properties of the surface oxide layer obtained on the same alloy.
I. INTRODUCTION
Most technological materials, such as metals and semiconductors, form a native oxide surface layer with a typical thickness of a few nanometers. In the macroscale contact mechanics, the effect of a native oxide layer can usually be neglected because it is depleted at the initial stage of sliding contact and/or wear. 1 However, in micromechanical devices having sizes down to the submicrometer range, the surface volume involved in a tribological contact becomes small and is comparable with that of native oxide layer. The effect of oxide on the friction and wear of metallic and/or silicon components has been studied extensively with some of the relevant results briefly reviewed in the next section. In this work, we investigate the influence of a native oxide layer grown on a metallic glass on the nanoscale wear behavior of this material in contact with a diamond coated silicon tip.
Owing to their superior mechanical properties and ability to be precisely thermoplastically formed, metallic glasses have been investigated as prospective materials for applications in micromechanical devices. [27] [28] [29] Some applications have already been reported and are on the way to be commercialized (see, for example, Ref. 30) . Metallic glasses are disordered alloys, consisting of at least two metallic elements, and are designed in such a way that the kinetics of crystallization upon cooling is frustrated. 31, 32 In comparison to their crystalline counterparts, metallic glasses have a high capacity to store elastic energy. They usually exhibit a maximal elastic strain as high as e el ¼ 2% with a corresponding elastic stress in the range of a few GPa. [33] [34] [35] Although metallic glasses are macroscopically less ductile, their ductility is enhanced at the microscale. 36 The macroscopic wear resistance of some metallic glasses has been reported to be higher than for the corresponding crystalline alloys, 37, 38 although lower than that for conventional alloys. 39 It has also been shown that the tribological properties of metallic glasses can be affected by heat generation leading to glass transition or crystallization within the sliding contact. 37, 40 At temperatures close to the glass transition, though, the wear rate of a Zr-based metallic glass was found to decrease owing to the formation of surface oxide. 41 At the microscale level, Nishiyama et al. reported the wear resistance of microload bearings fabricated with a Nibased metallic glass to be superior to steel with the lifetime of a microload bearing about 400 h longer than in the case of steel. 42 Given the affinity of metals and their alloys to oxygen, native oxide layers are known to form at their surface when exposed to ambient air and can significantly affect the nanotribological behavior of micromechanical devices fabricated from a metallic glass.
The growth mechanisms, structure, and composition of oxides on amorphous metallic alloys are still not fully understood. Metallic glasses usually consist of several components that exhibit a high affinity with oxygen, such as Zr, Cu, Ni, and Al, to name a few, [43] [44] [45] and it is thus difficult to predict which element should predominate in the surface oxide layer. Also the structure of oxide grown on metallic glasses has not been extensively investigated yet. For Zr-based metallic glasses oxidized in air at 633 K for several hours, Triwikantoro et al. observed a ZrO 2 layer with both monoclinic and tetragonal structure. 46 In this work though, no precise chemical analysis of the oxide layer was performed, and the occurrence of both structures could not be explained yet. Recently, the present authors investigated the structural and chemical properties of a relatively simple Ni 62 Nb 38 metallic glass in its as prepared state and after annealing in air at 573 K for different periods. 47 The native oxide layer was found to mainly a) consist of Nb 2 O 5 oxide with ca. 4% NiO. Both the chemical composition and the thickness of the oxide layer remained stable after 5 min annealing in air at T a ¼ 573 K. After 10 min, the thickness of the oxide layer had increased by more than a factor of two and its NiO content had significantly increased. In Ref. 48 , the effect of these changes on the friction behavior of the same alloy was investigated by friction force microscopy (FFM). 48 After annealing, the friction force was found to have increased. This was attributed to the chemical composition changes of the oxide layer after annealing and their effect on its mechanical properties.
In this work, we investigate the nanoscale wear behavior of the same Ni 62 Nb 38 metallic glass in the as spun state and after annealing in air at 573 K for 10 min when submitted to sliding contact with a diamond coated silicon tip in ambient conditions. With the development of nanocrystalline diamond films and their processing as micromechanical components, 49, 50 the experiments performed in this work shall serve for a realistic simulation of a metallic glassy micromechanical device operated in sliding contact. Also given the high hardness and wear resistance of diamond, using diamond coated silicon tips as a reference allows investigating the wear of our metallic glass samples while neglecting the wear of the counter contacting body. We discuss our results with regards to the friction behavior of the same samples and the properties of their oxide layer.
II. BACKGROUND
It is instructive to put the results of this study in the context of some of the previous works on the mechanisms of wear. In particular, owing to their protective effects, the formation of tribofilms has been and remains a subject of intensive research.
2-5 The formation mechanisms of tribofilms usually involve reactions of the contacting surfaces with oil lubricants 2 and oxygen. [3] [4] [5] The formation of oxide tribofilms often requires severe wear and high temperature. 4, 5 This factor is limiting their wide technical applications in small scale devices where the extent of severe wear or exposure to high temperatures may affect the dimensions of the whole device significantly. Many applications of micromechanical devices that are made of metals and semiconductors, 6 such as micromotors 7, 8 and recording media, 9,10 involve dynamic contact between component surfaces and wear is a significant limiting factor for their durability.
Due to the importance of surface properties in submicroand nanoscale contacts, several routes have been developed to improve their friction and wear characteristics. These involve chemical modification of surfaces, [11] [12] [13] deposition of ultra-thin lubricant films, [14] [15] [16] and wear protective layers. [17] [18] [19] [20] Among them, deposited metal-oxide layers, such as TiO 2 and Al 2 O 3 , have been investigated with regard to their wear protective effect on microelectromechanical devices (MEMS). [21] [22] [23] Native silicon oxide has been suggested as an effective wear protective layer, and its role has been investigated in the wear behavior of Si-based MEMS. 24 In particular, Venkatesan and Bhushan 24 observed the friction properties of oxidized silicon surfaces to be strongly dependent on the ambient conditions, that is, humidity. In dry nitrogen atmosphere, the friction coefficient of oxidized silicon surface was found to be significantly lower than for bare silicon surface. In humid air, however, the friction coefficient became slightly higher for oxidized silicon surfaces than for bare silicon. Electron microscopy investigation of the wear tracks performed on oxidized silicon surfaces in dry nitrogen and humid air atmospheres did not exhibit significant differences. 24 Wear was found to be governed by cracking, which may have been initiated under cooling down the silicon sample after oxidation, owing to the different thermal expansion coefficients of silicon and silicon dioxide. Also the wear resistance of silicon has been reported to be enhanced after oxidation, while the protective effect of silicon oxide strongly depends on its processing. 25 The humidity dependence of the tribological properties of oxidized silicon surfaces was also observed by Nistorica et al. 22 and differs from their results obtained with atomic layer deposited TiO 2 and ZrO 2 layers, where the friction coefficient was observed to remain unaffected by humidity in the case of ZrO 2 or to significantly decrease with increasing humidity in the case of TiO 2 . The different humidity dependence of the friction properties of these oxide layers were discussed on the base of their different hydrophilic characters.
The effect of oxidation in humid conditions on the wear of silicon at the microscopic scale has been studied by Patton et al. 26 and Venkatesan and Bhushan. 24 In both works, oxidized debris was observed outside the wear tracks. In Ref. 24 , the generation of such debris explained the observed increase of the friction coefficient, while for higher wear cycles, the debris shall have further been compacted and lead to the formation of a protective oxide coating. These observations are consistent with earlier works on the formation of glaze in the case of metallic alloys.
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Notwithstanding a significant amount of effort spent on studying macroscopic tribological behavior of metals and some results published on metallic glasses, such a behavior on submicro-and nanoscale is still poorly studied. In the following text, we demonstrate that a thick surface oxide layer has a protective effect against wear of a metallic glass over a wide range of loads and study its properties. We suggest that controlled oxidation of metallic glass surfaces could be used to enhance the tribological properties of micromechanical devices.
III. METHODS
In this work, 0.02 mm thick Ni 62 Nb 38 alloy samples were prepared by arc melting the pure elements exceeding 99.9 mass % purity in Zr-gettered argon atmosphere and subsequent single-roller melt-spinning. The amorphous structure of the samples was verified by x-ray diffraction (XRD) and differential scanning calorimetry (DSC) (see Ref. 47 for more details). A few samples were annealed in air at T a ¼ 573 K for 10 min, while the annealing temperature and time were chosen to avoid structural changes in the metallic glass and compositional changes at the metallic glass/oxide interface with subsequent crystallization of the investigated alloy. Wear measurements were performed on both as spun and annealed samples at room temperature and with 60% air humidity and after careful cleaning of the sample surfaces with diethyl ether. For these measurements, we used stiffed diamond coated silicon cantilevers and a SII400 SPM, manufactured by Seiko Instruments, Japan. The bending and torsion stiffness of the cantilevers k c and k t , respectively, were determined from their geometric dimensions as measured by optical microscopy, their free bending resonance frequencies, and literature values for the elastic properties of silicon and diamond, 51 according to Eqs.
(1) and (2) (the cantilever data are listed in Table I) :
where f f is the free bending resonance frequency, (aL) is the corresponding dimensionless wave number, q is the mass density, A is the cross-section area, m is the Poisson's ratio, and l is the tip height. Given the small thickness of the coating t c ¼ 50-100 nm when compared to the total thickness of the cantilever, we neglected the contribution of the diamond coating to the cross section area and to the mass of the cantilever in Eq. (1). In Eq. (2), we made use of the relation between the Young's modulus E, the shear modulus of elasticity G, and the Poisson's ratio m in isotropic media, according to E ¼ 2 1 þ m ð ÞG. Because our cantilevers where made of diamond coated single crystalline silicon, this relation may not strictly apply. However, given the small thickness of the coating compared to the total thickness of the cantilever and using literature values for the Poisson's ratio of silicon, the introduced error shall not affect the overall results. For the cantilevers used in this work, we calculated k c % 45 N/m and k t % 10 000 N/m. The tip radii were determined before and after measurements by imaging a calibration sample, 52 while the images where analyzed with the GWYDDION software to extract the corresponding tip profile. 53 For the tip used on the as spun sample, we found R ¼ 21.4 6 2.1 nm before wear measurements and R ¼ 18.2 6 1.4 nm after the measurements. For the tip used on the annealed sample, we found R ¼ 21.5 6 1.3 nm before our wear measurements and R ¼ 24.3 6 1.1 nm after measurements. The wear measurements consisted of in and back scans over 1 lm with contact loads P ranging from 100 nN to 5 lN and sliding velocities v ranging from 20 nm/s to 4 lm/s, resulting in contact stresses in the order of magnitude of 1 GPa. Simultaneously the FFM signals were recorded. The wear was characterized by imaging the surface after experiment and further extraction of the tracks profiles from which the wear rate was computed.
Using the recorded FFM-signals, the friction force were also calculated.
IV. RESULTS Figure 1 shows a topography image recorded on the as spun Ni 68 Nb 32 sample after successive scratch tests with loads ranging from P ¼ 1.2 lN to P ¼ 5.4 lN and the height profile corresponding to the line drawn across the wear tracks in the topography image. For loads P < 1 lN, no wear could be clearly evidenced and the corresponding measurements will thus not be further considered in this work.
In Fig. 1 , one can see a clear increase of the depth of the wear tracks with increasing load. After extraction of crosssectional height profiles of each track, which were selected every 100 nm along a single track, the area corresponding to each profile was calculated and integrated with regard to the distance along the track to calculate the wear volume W and the wear rate W s ¼ W/d, where d is the complete scanned distance during the wear experiment, that is, d ¼ 2 Â 1 lm. The error DW s associated with the wear rate was estimated from the roughness parameter R q because it limits the accuracy of the baseline determination. With R q % 1.17 nm, we obtain
, where w % 50 nm is the average width of the wear tracks and d i ¼ 100 nm is the integration increment used for the wear volume calculation. Figure  2 shows the wear rate W s plotted against the load P at constant velocity v ¼ 1 mm/s and against the velocity v at constant load P ¼ 2.4 lN and P ¼ 4.2 lN for the spun and P ¼ 2.2 lN for the annealed Ni 62 Nb 38 metallic glass samples. For both as spun samples we observe two distinct regimes of linear increase of the wear rate with increasing load; the first regime (or low load regime) extending from P ¼ 1.2 lN to P ¼ 2.4 lN and the second from P ¼ 3 lN to P ¼ 5.4 lN. The corresponding specific wear rates were calculated according to k w ¼ W s =P, we obtained k w ¼ 2.81 nm 2 /lN for the low load regime and k w ¼ 10.63 nm 2 /lN for the higher load regime. In the case of the annealed sample, only one linear regime of increase was observed for the wear rate as a function of the load, with a corresponding specific wear rate k w ¼ 4.11 nm 2 /lN. Further, the wear rate was found to follow a logarithmic velocity dependence which was fitted with in Fig. 2 with
where W s0 and v 0 are fitting parameters and b w describes the velocity dependence of the specific wear. In the case of the as spun sample, we found b w ¼ 9.99 pm s for P ¼ 2.4 lN, corresponding to the low load regime, and b w ¼ 9.97 pm s for P ¼ 4.2 lN, corresponding to the higher load regime. In the case of the annealed sample, the wear rate was fitted by Eq. (3) with b w ¼ 6.39 pm s. Figure 3 shows the AFM-topography images of the wear tracks performed at various loads P % 1À5 lN and the sliding velocity v ¼ 1 lm/s on the as spun (a) to (d) and the annealed in air (e) to (h) Ni 62 Nb 38 metallic glass samples. In Figs. 3(a) to 3(d) , pile-ups can be observed at the extremities of the wear track. Also, owing to the twofold scanning in opposite direction, we also observe a pile at the middle of the tracks. In Figs. 3(a) to 3(d), no sign of cracks or fracture can be found, which together with the occurrence of pile-ups indicates that wear was supported by plastic deformation. From Figs. 3(a) to 3(d) , no essential difference in the characteristics of the wear tracks performed in the low load (a) and (b) and in the higher load regime (c) and (d) can be observed. In Figs. 3(e) to 3(h), pile-ups can not be so clearly observed at the tracks extremities. In this case, though, we observe parallel grooves on both sides of the wear tracks. The depth of these grooves d gr is plotted against the load P in Fig. 4 . There we observe that with increasing load P, the side groove thickness significantly decreased. As for the as spun sample, no sign of cracks or fracture could be found for the annealed sample. Figure 5 shows the friction force calculated from the FFM signals, which were recorded simultaneously to our wear experiments, as a function of the load and in comparison to the average depth of the wear tracks for the as spun and annealed Ni 62 Nb 38 metallic glass samples. Similarly to the wear rate, two distinct linear regimes of increase of the friction force as a function of the load are observed in the case of the as spun sample. Their intervals of existence are 50 nN < P < 2.4 lN for the low load regime and 3 lN < P < 5.4 lN for the higher load regime. The corresponding friction coefficients are l ¼ 0.32 and l ¼ 0.99 at low load and for P > 3 lN, respectively. Interestingly, two different slopes can also be distinguished from the average depth of the wear tracks d w plotted against the loads, while the higher limit of the low load regime is determined at P ¼ 2.4 lN and d w ¼ ca. 2 nm. In the case of the annealed Ni 62 Nb 38 metallic glass sample and similar to our observation in Fig. 2(c) , a single linear regime can be observed from the friction force plotted against the load; the corresponding friction coefficient is l ¼ 0.51. For this sample, the average depth of the wear tracks exhibits a linear increase with increasing load with a single slope over the range of load applied in this work. Although not shown here, no clear tendency could be observed for the friction force measured as a function of the velocity. The error corresponding to the wear rate was estimated from the roughness parameter R q because it determined the accuracy of the baseline determination; with R q % 1 nm, we obtain DW s % R q Â w Â di/d % 2.5 nm 2 , where w % 50 nm is the average width of the wear tracks and d i ¼ 100 nm is the integration increment used for the wear volume calculation. 
V. DISCUSSION
As expected, we observe a clear correlation between the specific wear rate k w and the friction coefficient l, as the wear rate increases with the friction coefficient. The friction coefficient and specific wear rate measured on the as spun ribbon in the range of load P ¼ 50 nN to 2.4 lN are l ¼ 0. Moreover, in the case of our as spun Ni 62 Nb 38 metallic glass sample, one observes two clearly separated wear regimes according to the load. The first regime ranges from P ¼ 1.2 lN to P ¼ 2.4 lN while the second ranges P ¼ 3 lN to P ¼ 5.4 lN and is characterized by the specific wear rate k w ¼ 10.63 nm 2 /lN and the friction coefficient l ¼ 0.99. The AFM topography images recorded on the wear tracks on the as spun sample corresponding to the low load and the higher load regimes do not show any essential difference. For both regimes, we observe pile-ups, which together with the absence of crack indicate that wear was supported by homogeneous plastic deformation Metallic glasses subjected to uniaxial stresses usually deform heterogeneously at room temperature. In our case, homogeneous plastic flow is attributed to the confinement of the stress field below the AFM tip in a nanometer scale volume, which is analog to the situation reported for the plastic deformation of submicrometer scale metallic glass samples. [54] [55] [56] Similarly, in the case of nanoindentation experiments Schuh et al. 57 reported on the transition from serrated flow to continuous flow while increasing the loading rate. In contrast, the wear track topography images of the wear tracks on the annealed sample do not exhibit such pronounced pile-ups but show side grooves parallel to the tracks with a decreasing thickness d gr while the load P increased. Though not fully understood as yet, this indicates that in the case of the thicker oxide layer, wear was supported by other mechanisms than in the case of the as spun sample with thinner oxide layer.
The transition load between these two regimes corresponds to a wear depth of ca. 2 nm. In Ref. 47, the oxide layer thickness was measured to be d as spun ¼ 3.4 nm and d 10 min ¼ 8 nm for the as spun sample and the sample annealed in air, respectively. The measured value for the thickness of the oxide layer on the as spun sample is very close to the average wear depth at the transition load. It appears sound that the transition load corresponds to the load at which the tip indents through the oxide layer and that the experiments at higher loads reflect the sliding contact between diamond and metal. Given the high reactivity of metals, it is likely that the observed increase of friction coefficient and wear rate arise from ambient water adsorption at the tip sample/surface interface with subsequent oxidization. In this case, the tip shall be bonded to the sample surface over the newly formed oxide before it is broken by adhesive wear and the blank metallic surface oxidizes again.
Our wear measurements show a clear negative velocity dependence for both as spun and annealed samples. This is in contrast to the observations reported by B. Bhushan et al. for the microscale wear of silicon 58 and of piezoelectric transducer (PZT) films. 59 In Ref. 58 , no velocity dependence was observed; this was attributed to the fast dissipation of heat that was generated in the sliding contact. In the case of PZT films, 59 the wear rate was found to increase with the sliding velocity; this was consistent with a logarithmic increase of friction with the velocity and was attributed to the thermal activated stick-slip mechanism (see Refs. 60-62 for more details). For our as spun sample, the velocity dependence of the wear rate was investigated in both the low load and the higher load regimes. In both cases, the velocity dependence characterized by b w was the same, that is, b w ¼ 9.99 pm s in the low load regime and b w ¼ 9.97 pm s in the higher load regime. For the annealed sample, the b w value decreased down to b w ¼ 6.39 pm s. These results are consistent with our previous observations that the friction force measured on the same samples decreases with increasing velocity. 47 It is well known that the temperature can significantly increase in the vicinity of a sliding contact; 40,63 the temperature increase being larger for a higher sliding velocity. However, at a small scale such as in this work, most of the generated heat is supposed to be evacuated by thermal conduction (see Ref. 59 ). We suggest that the observed The solid lines correspond to the linear fits of the experimental data the slope of which was used to determine the friction coefficient l. The error of the friction force measurements was estimated from the noise to signal-ratio of the FFM curves as DF f % 1%. The error corresponding to the average depth of the wear tracks was determined from the standard deviation of the wear depth profile along the wear tracks; we found Dd w % 5%.
velocity dependence arises from self-lubrication between tip and oxide layer, while the difference in b w values corresponding to the as spun and annealed samples reflects their different chemical properties. In the case of the as spun sample, the similar b w values for both the low load and the higher load regime support our interpretation that the oxide layer almost instantly recovered after the tip indented through it, so that self-lubrication can still occur. In Ref. 22 , the change in friction coefficient according to humidity for different surface oxides was discussed with regard to their hydrophilicity, while a sliding contact on a more hydrophobic surface was discussed to be supported by a thick water layer acting as a lubricant. In Ref. 64 , Kim et al. investigated the effect of the hydrophilic character of silicon after different surface treatments on the friction behavior and reported a significant decrease of the friction coefficient for the least hydrophilic surface. In their work, the enhancement of the hydrophilic character was supported by increases in the concentration of silicon hydroxide in the surface volume. 64 In Ref. 47, the authors detected the presence of nickel hydroxide in the surface layer of the Ni 62 Nb 38 metallic glass after anneal in air which shall have increased the hydrophilicity of the surface and reduced the lubrication effect of water. Further the adhesion forces were measured by AFM on both as spun and the annealed Ni 62 Nb 38 metallic glass surfaces with a significantly higher value on the annealed surface: P ad ¼ 5.9 nN for the as spun sample surface and P ad ¼ 8.6 nN for the annealed sample surface. However, in Ref. 47, our estimates of the adsorbed water layer thickness were probably too rough to yield to any significant differences.
To summarize, we investigated wear during the nanoscale sliding contact between a diamond coated silicon AFM tip and an amorphous Ni 62 Nb 38 alloy before and after annealing in air to study the role of the surface metal oxide layer. Despite the specific wear rate being affected by the chemical composition changes in the oxide layer after annealing in air, this work clearly demonstrates the protective effect of a thicker surface oxide layer against wear over a wide range of loads. This suggests that controlled oxidation of surfaces could be used to enhance the nanotribological properties of micromechanical devices employing metallic glasses. This approach will, however, require creating stable oxide layers in service conditions. Building on the achievements of the present work, further investigations of growth processes of oxide layers on different metallic glass systems are needed to elucidate how friction and wear behavior of oxides depends on their hydrophilic character and thickness.
